The level of fetal hemoglobin (HbF) expression is one of the most important modifiers of disease expression for patients with sickle cell anemia. 1 The percentage of HbF (%HbF) influences both laboratory values and clinical features of children and adults with sickle cell anemia. For example, an elevated %HbF has been significantly associated with fewer painful vasoocclusive events, 2 fewer episodes of acute chest syndrome, 3 and reduced early mortality. 4, 5 Pharmacologic enhancement of HbF expression has been accomplished by using myelosuppressive agents, cytokines, and short-chain fatty acids. [6] [7] [8] To date, however, the prototypic agent for increasing HbF expression is hydroxyurea, based on its ease of oral administration, modest toxicity profile, and rarity of serious side effects. A phase I/II trial of hydroxyurea for adults with sickle cell anemia demonstrated a significant increase in HbF expression, accompanied by a significant increase in hemoglobin concentration and significant decreases in reticulocytes, neutrophils, and platelets. 9 The Multicenter Study of Hydroxyurea (MSH), a doubleblinded, placebo-controlled phase III trial for adults with sickle cell anemia, demonstrated that hydroxyurea therapy significantly reduced the number of painful events, episodes of acute chest syndrome, transfusions, and hospitalizations. 10 Experience to date with hydroxyurea for children with sickle cell anemia suggests that it is also effective in this younger population. Several small trials have reported that hydroxyurea has both laboratory and clinical efficacy in the pediatric age group. [11] [12] [13] [14] [15] The recently completed multicenter phase I/II pediatric hydroxyurea trial (HUG-KIDS) confirmed that hydroxyurea at a maximally tolerated dose (MTD) has a similar efficacy and toxicity profile for children with sickle cell anemia as observed for adults. 16 For all participants in HUG-KIDS, the mean %HbF increased significantly from 7.3% at entry to 17.8% after 12 months of hydroxyurea therapy. There was, however, a wide variability in the HbF response; a few children who reached MTD had %HbF levels that were persistently below 10%, whereas several others had levels that exceeded 25%. To investigate this variable HbF response, we examined a variety of clinical, laboratory, and treatment characteristics of children enrolled in HUG-KIDS to identify factors that significantly influence the HbF response.
Introduction
The level of fetal hemoglobin (HbF) expression is one of the most important modifiers of disease expression for patients with sickle cell anemia. 1 The percentage of HbF (%HbF) influences both laboratory values and clinical features of children and adults with sickle cell anemia. For example, an elevated %HbF has been significantly associated with fewer painful vasoocclusive events, 2 fewer episodes of acute chest syndrome, 3 and reduced early mortality. 4, 5 Pharmacologic enhancement of HbF expression has been accomplished by using myelosuppressive agents, cytokines, and short-chain fatty acids. [6] [7] [8] To date, however, the prototypic agent for increasing HbF expression is hydroxyurea, based on its ease of oral administration, modest toxicity profile, and rarity of serious side effects. A phase I/II trial of hydroxyurea for adults with sickle cell anemia demonstrated a significant increase in HbF expression, accompanied by a significant increase in hemoglobin concentration and significant decreases in reticulocytes, neutrophils, and platelets. 9 The Multicenter Study of Hydroxyurea (MSH), a doubleblinded, placebo-controlled phase III trial for adults with sickle cell anemia, demonstrated that hydroxyurea therapy significantly reduced the number of painful events, episodes of acute chest syndrome, transfusions, and hospitalizations. 10 Experience to date with hydroxyurea for children with sickle cell anemia suggests that it is also effective in this younger population. Several small trials have reported that hydroxyurea has both laboratory and clinical efficacy in the pediatric age group. [11] [12] [13] [14] [15] The recently completed multicenter phase I/II pediatric hydroxyurea trial (HUG-KIDS) confirmed that hydroxyurea at a maximally tolerated dose (MTD) has a similar efficacy and toxicity profile for children with sickle cell anemia as observed for adults. 16 For all participants in HUG-KIDS, the mean %HbF increased significantly from 7.3% at entry to 17.8% after 12 months of hydroxyurea therapy. There was, however, a wide variability in the HbF response; a few children who reached MTD had %HbF levels that were persistently below 10%, whereas several others had levels that exceeded 25%. To investigate this variable HbF response, we examined a variety of clinical, laboratory, and treatment characteristics of children enrolled in HUG-KIDS to identify factors that significantly influence the HbF response.
anemia was administered hydroxyurea therapy, with the stated goal of treating 50 children at the MTD for 1 year. Entry criteria, clinical monitoring, and laboratory measurements have been described in detail previously. 16 Briefly, all patients had severe disease, defined as 3 or more painful vasoocclusive events in the year before entry, 3 or more episodes of acute chest syndrome requiring hospitalization in the previous 2 years before entry, or any combination of 3 episodes of painful events or acute chest syndrome within 1 year of enrollment. Patients were monitored every 2 weeks with blood counts and an interval history, and every 4 weeks with a physical examination. The %HbF was determined by high-pressure liquid chromatography as previously described. 17 Noncompliance with hydroxyurea therapy was assessed by counting any returned pills at each visit. The hydroxyurea dose was given orally once a day, initially at 15 mg/kg/d, then escalated every 8 weeks as tolerated to the MTD or maximum dose of 30 mg/kg/d. Dose escalation was limited by predefined hematologic toxicities, which included a hemoglobin concentration less than 5 g/dL, absolute neutrophil count less than 2.0 ϫ 10 9 /L, absolute reticulocyte count less than 80 ϫ 10 9 /L (unless the hemoglobin concentration was Ͼ 9 g/dL), or platelet count less than 80 ϫ 10 9 /L. Nonhematologic toxicity included an elevated serum alanine aminotransferase (twice the upper limit of normal) or a doubling of the serum creatinine. 16 MTD was defined as the dose 2.5 mg/kg below which 2 successive hematologic toxicities occurred, or when the daily dose reached 30 mg/kg sustained without toxicity for 8 weeks. 16 
Patient data for analysis
Children were enrolled in HUG-KIDS from December 1994 through March 1996, and data accrual was closed in March 1998. Of the 84 pediatric patients originally enrolled in HUG-KIDS, 68 children achieved MTD during the study period, and 52 were treated at MTD for at least 12 months.
The current analyses on predictors of HbF response were performed only for children who achieved MTD during the study. Of the 68 children who reached MTD, baseline and follow-up data sufficient for analysis were available for 53 patients; 15 children were excluded because of missing baseline %HbF values (n ϭ 13) or missing %HbF values at MTD (n ϭ 2). This patient population of 53 children included 32 boys (60%) and 21 girls (40%), with a mean age at entry of 9.5 years. The average length of time at MTD for these 53 children was 11.7 months. Each available baseline variable from these 53 children was compared with baseline data from the other 15 children who reached MTD but had missing data, using t tests for continuous variables and chi-square tests for discrete variables. No statistically significant (P Ͻ .05) differences were found, and most differences had highly nonsignificant P values, suggesting that the missing data from these 15 children were missing at random.
The response variable of interest (%HbF at MTD) was calculated as the mean of the %HbF measurements at MTD performed on each study participant. The median number of %HbF measurements during MTD was 5, with a range of 1 to 7 measurements, although only 4 children had a single measurement. Values of %HbF within 90 days of a blood transfusion were not included in the analyses. The %HbF at MTD was analyzed as a continuous response variable and also as a categorical outcome by dividing the mean MTD %HbF into quartiles. For some analyses, the absolute change in %HbF (⌬ %HbF ϭ %HbF at MTD Ϫ %HbF at baseline) was used as a continuous response variable.
Statistical methods
Clinical patient characteristics at baseline, including age and sex, were analyzed initially for statistical associations with the mean %HbF at MTD. Baseline laboratory values for hemoglobin concentration, %HbF, mean corpuscular volume (MCV), white blood cell (WBC) count, red blood cell count, absolute neutrophil count, absolute reticulocyte count, platelet count, aspartate aminotransferase, alanine aminotransferase, total bilirubin, and lactate dehydrogenase were then analyzed for an association with mean MTD %HbF. Finally, treatment characteristics (MTD dose, MTD blood counts, toxicity, and noncompliance) were studied in relationship to %HbF at MTD. Only MTD blood counts measured at least 90 days after a blood transfusion were included. Each clinical, laboratory, and treatment characteristic was analyzed as a continuous variable and also as a categorical variable by separating the values at the median into high versus low categories.
Statistical associations were first assessed by computing simple Pearson correlation coefficients (simple correlations) between mean MTD %HbF and each continuous study variable. For some variables, simple correlations were also computed by using the ⌬ %HbF. Partial correlations between mean MTD %HbF and all study variables were then calculated after adjusting for baseline %HbF, WBC, and reticulocyte count. For categorical variables, the Fisher exact test, Mantel-Haenszel row mean score test, and logistic regression were used to analyze the association between the baseline indicator variables (dichotomized at their median) and quartiles of %HbF at MTD. The t tests were used to compare the mean %HbF at MTD between the high and low baseline predictor groups. Analyses were performed by using SAS software (SAS, Cary NC) on a data file closed March 1998. No adjustments were made for multiple comparisons. P Յ .05 is described as significant. Figure 1 illustrates %HbF levels for the cohort of 53 HUG-KIDS children, with each child's baseline %HbF value connected by a line segment to the MTD %HbF value. At baseline, the 25%, 50%, and 75% quartile values for %HbF (indicated by arrows) were 3.5%, 5.5%, and 8.4%, respectively, with a minimum %HbF value of 1.3% and a maximum value of 19.4% HbF. At MTD, the 25%, 50%, and 75% values for %HbF (arrows) were 12.0%, 17.6%, and 21.3%, respectively, with a minimum %HbF value of 2.9% and a maximum value of 32.4%. In response to hydroxyurea therapy, most of the lines show a substantial upward trend, ie, an increase in %HbF. However, the response was highly variable, ranging from an increase in %HbF of 0.1% to 26.4% (median increase, 9.6%). No patient experienced a decline in %HbF over the treatment period, but 5 children had an increase in %HbF of less than 2.0%. 
Results
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Statistical analysis using continuous variables
For the entire cohort of 53 children, baseline clinical and laboratory data, as well as selected hydroxyurea treatment characteristics (MTD dose, number of toxicities, percentage of pills returned), were analyzed for associations with the %HbF at MTD (Table 1) . Simple Pearson correlation coefficients revealed statistically significant positive associations between %HbF at MTD and the baseline %HbF value (P ϭ .001), the baseline hemoglobin concentration (P ϭ .01), and the MTD dose (P ϭ .02), but a negative association between the %HbF at MTD and the percentage of pills returned (P ϭ .02). These associations are illustrated by scatter diagrams in Figure 2 . No other baseline value or treatment characteristic was significantly associated with MTD %HbF.
Because the baseline %HbF varied widely among patients and might influence other variables, the analysis was repeated after adjustment for the baseline %HbF (Table 1 , column PR). These partial correlations revealed that the MTD dose and noncompliance remained significant, but the baseline hemoglobin concentration did not. After adjustment for baseline %HbF, both the baseline reticulocyte count and WBC count were significantly associated with a higher %HbF at MTD (P ϭ .05 for each; Table 1 ). Finally, the analysis was repeated after adjustment for baseline WBC and reticulocyte counts, and the %HbF at MTD remained significant in each case with the baseline %HbF, baseline hemoglobin concentration, MTD dose, and compliance.
When the data were analyzed by using the ⌬ %HbF as the response variable instead of %HbF at MTD, significant correlations were again noted with MTD dose (P ϭ .0006), baseline WBC count (P ϭ .02), and baseline reticulocyte count (P ϭ .02). The ⌬ %HbF was not significantly associated, however, with the baseline %HbF value or the baseline hemoglobin concentration.
Statistical analysis using %HbF quartiles
For analyses using methods for categorical variables, the MTD %HbF was divided into quartiles, and baseline clinical and laboratory parameters were dichotomized at their median. Similar to the results described above using continuous variables, children with a higher baseline %HbF (ie, above the median baseline HbF value of 5.5%) reached a higher %HbF at MTD (20.0% versus 14.2%, P ϭ .001 by t test). Children with an MTD of 30 mg/kg/d also had a higher overall mean %HbF at MTD than those children whose MTD was below 30 mg/kg/d (18.5% versus 14.8%, P ϭ .05 by t test). Similar results were obtained when participants in the 2nd and 3rd quartiles of %HbF at MTD were excluded from these analyses, leaving only those children in the extreme quartiles (1st versus 4th).
Statistical associations of HbF response with treatment parameters
The next analyses were performed to determine if the %HbF response was associated with treatment variables, especially changes observed in other laboratory parameters. A higher MTD %HbF was associated with a higher MTD dose (P ϭ .001) but not with age, sex, or number of hematologic toxicities (Table 2) . Treatment blood counts were analyzed according to their absolute value at MTD as well as their change from baseline. A higher hemoglobin concentration and a higher MCV (both the absolute MTD values and the positive changes from baseline) were significantly associated with a higher MTD %HbF response. A lower reticulocyte count and WBC count (both absolute MTD values and negative changes from baseline) were significantly associated with a higher %HbF at MTD. No significant associations were noted between the %HbF response and MTD treatment values for neutrophils or platelets.
Discussion
Over the past decade, hydroxyurea has emerged as a therapeutic option for both children and adults with sickle cell anemia. Early studies documented that hydroxyurea has a pronounced effect on HbF parameters, and it typically increases both the %HbF level and the percentage of F cells. 9, 16, 18 Subsequent studies have reported additional potentially beneficial effects of hydroxyurea therapy, including diminished adhesiveness of sickle erythrocytes, improved rheology of circulating erythrocytes, and altered expression of surface adhesion markers. [19] [20] [21] All studies to date have documented a variable response to hydroxyurea, however, especially with regard to elevation of %HbF. Identification of predictors of the HbF response to hydroxyurea might help clinicians maximize the efficacy of hydroxyurea therapy while possibly reducing its side effects and toxicities. In the phase III, randomized, double-blinded, placebo-controlled MSH study, adults with sickle cell anemia who received hydroxyurea therapy at MTD had a modest but variable %HbF response. When the MSH data were analyzed according to the intention-to-treat principle, the mean 2-year change in %HbF was only 3.6 Ϯ 5.4%, ranging from Ϫ1.5 Ϯ 1.1% in the first quartile to ϩ11.7 Ϯ 3.8% in the fourth quartile. 22 Somewhat surprisingly, half of the MSH patients treated with hydroxyurea actually had no increase in HbF after 2 years of therapy. The investigators speculated that this was due to genetic variation, bone marrow exhaustion, variability in drug bioavailability or metabolism, and (perhaps most likely) poor compliance with the treatment regimen. 22 Baseline laboratory predictors of the HbF response in MSH included a higher initial reticulocyte count (Ն 300 ϫ 10 9 /L) and neutrophil count (Ն 7.5 ϫ 10 9 /L), but the baseline %HbF did not reach statistical significance (P ϭ .07). Treatment-related predictors of the HbF response included noncompliance with hydroxyurea therapy and a higher number of toxic events, as well as greater hydroxyurea-associated changes in the MCV, reticulocyte count, and granulocyte count. 22 The analyses of HbF parameters for children enrolled in the HUG-KIDS study differ from the MSH results in several areas. Importantly, we chose to use the %HbF at MTD as the primary response variable rather than ⌬ %HbF. Children with sickle cell anemia typically have higher %HbF baseline values than adults, hence the ⌬ %HbF could fail to identify a substantial response for those with high baseline values. Unlike MSH, our analysis of HUG-KIDS data identified the baseline %HbF level as the most powerful predictor of the MTD %HbF response (P Ͻ .001; Figure 2A ). When analyzed by several different statistical methods, including continuous variables and quartiles, children with higher baseline %HbF levels developed higher MTD %HbF levels. This association was previously noted in phase I/II pilot trials of hydroxyurea therapy for adults with sickle cell anemia 9, 18 and suggests that the level of HbF production is strongly influenced by genetic modifiers. It should be noted, however, that the HbF response to hydroxyurea therapy in HUG-KIDS was highly variable (Figure 1) , and even patients with a low baseline %HbF level occasionally had a substantial response to hydroxyurea therapy (eg, one patient whose baseline %HbF was 3.3% and mean MTD %HbF was 28.5%). In addition, a higher baseline reticulocyte count and higher WBC count also were associated with a higher MTD %HbF level, supporting an earlier claim that better "marrow reserve" may be associated with, or possibly necessary for, a robust response to hydroxyurea. 22 Analysis of treatment characteristics revealed that children who achieved a higher hydroxyurea MTD dose had higher MTD %HbF levels ( Figure 2C ). This observation should not be overinterpreted because all patients were escalated to MTD, but it suggests that the highest tolerated daily hydroxyurea dose may yield the greatest HbF response. Treatment-associated changes in laboratory variables also were highly predictive of the HbF response: greater positive changes in hemoglobin concentration and MCV, as well as greater negative changes in reticulocyte and WBC counts, were associated with a higher MTD %HbF ( Table 2 ). The predictive power of most of these therapy-associated changes has been recognized previously 9, 16, 18 and suggests that hydroxyurea dose escalation to mild myelosuppression is desirable for maximal HbF response.
Our data indicate that selected baseline laboratory parameters (%HbF, reticulocyte count, and WBC count) identify the children most likely to have a robust HbF response to hydroxyurea therapy. A higher MTD dose of hydroxyurea, coupled with good compliance with the treatment regimen, will further identify children who will have the best HbF response. Finally, greater treatmentassociated changes in selected laboratory variables (hemoglobin concentration, MCV, reticulocyte count, and WBC count) correlate with better HbF responses to hydroxyurea therapy. Taken together, these data demonstrate that almost all children with sickle cell anemia will respond to hydroxyurea therapy with increases in %HbF, but the response is complex and cannot be predicted accurately. Because even children with low baseline %HbF values can develop substantial increases in %HbF at MTD, however, clinicians should consider every severely affected child with sickle cell anemia to be a potential candidate for hydroxyurea therapy.
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